Radon, a well-established risk factor for human lung cancer, is present at low concentrations in most homes. Consequently, many countries have established national guidelines for residential radon concentrations. In this article, we evaluate two models for describing seasonal variation in residential radon concentrations based on the data from a large case-control study conducted in Winnipeg, Canada. In this study, radon levels in homes were monitored during two successive 6-month periods, with integrated annual radon concentrations obtained using CR-39 a-track detectors. Significant differences were noted among measurements taken during different seasons of the year. Using the model introduced by Pinel et al. (1995) to describe temporal variation in residential radon levels in southwest England using seasonal adjustment factors, reasonable predictions of annual average radon concentrations were obtained from the 6-month integrated radon measurements. However, a simple multiplicative model was found to provide better predictions than the seasonal adjustment model. Although model coefficients vary somewhat from one geographic location to another, the concordance with respect discriminating between results above and below 150 Bq/m 3 in Winnipeg was in the range 85-90% using seasonal adjustment models with coefficients derived from data in either Winnipeg or southwest England.
Introduction
Radon, a naturally occurring inert gas formed during the radioactive decay of uranium-238, is released from many rocks and soils. Radon further decays into a series of radon daughters that emit alpha particles. Underground miners exposed to high levels of radon gas in the past have been shown to be at increased risk of lung cancer (Lubin et al., 1995 (Lubin et al., , 1997 . These epidemiological observations have resulted in the designation of radon as a risk factor for lung cancer in humans by the International Agency for Research on Cancer (1988) . In a recent assessment of the health risks of exposure to radon based on data from occupationally exposed miners conducted by the US National Research Council (1999), residential radon exposure was estimated to account for some 10-15% of all lung cancer causes in the United States (Krewski et al., 1999) .
The fact that occupational exposure to radon has been shown to increase lung cancer risk has raised concerns about the risks of effects of lower environmental exposures. This concern has resulted in the establishment of national residential radon exposure guidelines in a number of countries designed to limit lung cancer risk (Krewski et al., 1989) .
The concern about the presence of radon gas in homes has spawned a number of case-control studies of residential radon and lung cancer risk (see, for example, Schoenberg et al., 1990; Alavanja et al., 1994 Alavanja et al., , 1999 Le´tourneau et al., 1994; Pershagen et al., 1994; Auvinen et al., 1996; Ruosteenoja et al., 1996; Lagarde et al., 1997; Darby et al., 1998; Sandler et al., 1999; Field et al., 2000; Kreienbrock et al., 2001; Kreuzer et al., 2001) . Although these studies have provided ambiguous evidence of residential radon lung cancer risks, a recent combined analysis of data from seven large-scale case-control studies conducted in North America has provided direct evidence of increased lung cancer risk, with risk estimates compatible with those based on downward extrapolation of the miner data (Krewski et al., 2004) .
The study by Le´tourneau et al. (1994) conducted in Winnipeg, Canada between 1984 and 1992 provides 1 of the most extensive databases on residential radon exposure, with the study protocol calling for monitoring of all homes that all study subjects had occupied for a period of at least 1 year within Winnipeg metropolitan area. Radon levels in each of these homes were monitored during two consecutive 6-month periods to obtain integrated 1-year concentrations using CR-39 a-track detectors. Significant differences were noted among measurements taken during different seasons of the year (Le´tourneau et al., 1992) . In order to ensure compar-ability among measurements spanning less than a full year, seasonal adjustment of the exposure data is therefore required. Pinel et al. (1995) developed seasonal adjustment factors for radon concentrations in homes based on similar data collected in the United Kingdom. Specifically, they developed seasonal correction factors for each of the 12 months of the year based on 6-month integrated a-track measurements of the type made in Winnipeg. The availability of two successive 6-month measurements in Winnipeg permits the development of a seasonal adjustment model based on the first set of 6-month measurements, and then validation of the model using the second set of measurements.
The primary purpose of the present paper is to develop a seasonal adjustment model for radon concentrations in homes of the form proposed by Pinel et al. (1995) , based on the extensive monitoring data available in the Winnipeg study. Validation of the model would then permit accurate prediction of annual average residential radon concentrations based on monitoring periods of less than twelve months. In addition to the seasonal adjustment model, we also consider a simpler multiplicative model, and compare the accuracy of one-year predictions of residential radon concentrations based on the multiplicative model with those based on the seasonal adjustment model.
Methods

Radon Monitoring Data
The radon monitoring data used to develop and validate the seasonal adjustment and multiplicative models are derived from the large-scale case-control study conducted by Le´tourneau et al. (1994) , details of which have been described previously (Le´tourneau et al., 1992) . Briefly, the study involved 750 incident lung cancer cases between 35 and 75 years of age and equal numbers of controls matched on age and sex recruited into the study between 1984 and 1990. During the course of a detailed personal interview, each subject was asked to identify all residences they had occupied in their lifetimes within the Winnipeg metropolitan area. The study protocol called for radon dosimeters to be placed in all current and previous residences occupied by the study participants.
In most dwellings, two dosimeters were placed in the bedroom and two in the basement. For apartments, an only bedroom measurement was made. The dosimeters were left in the homes for a period of 6-months and then replaced by another set of dosimeters for the subsequent 6-month period to provide a total of 12 consecutive months of monitoring.
The 1500 participants in this study identified a total of 7703 homes that they occupied. Of these, radon dosimeters were placed in 4508 homes, yielding a total of 28,465 radon readings. Duplicate measurements within the same home were averaged, to yield two radon measurements per home (one in the basement and one in the bedroom) within each of the two successive 6-month periods. Integrated annual radon measurements in Winnipeg for the living bedroom area ranged from near 0 to 2375 Bq/m 3 , with a geometric mean of 110.6 Bq/m 3 (arithmetic mean 155.7 Bq/m 3 ) and geometric standard deviation of 2.3 Bq/m 3 . The data were divided into two groups: measurements taken in the basement, and measurements taken in the bedroom. Data for each area of the home (basement, bedroom) were further divided into two subgroups: the first composed of measurements taken in the first 6-month period, and the second involving measurements from the subsequent 6-month period. Each of these four data sets (periods 1 and 2 for the bedroom and basement areas) was further divided into two randomly selected half-samples (samples 1 and 2), thereby permitting independent cross-validation of predictions from sample 1 using the observations from sample 2, and vice versa.
Although each home was supposed to be monitored for two 6-month periods, the actual measurement periods varied somewhat, with some homes monitored for less than 6-months and some for more than 6-months. Dwellings that were monitored for less than 5 months or more than 7 months were excluded from the analysis. The starting dates for the radon measurements were approximately uniformly distributed throughout the year.
Seasonal Variation Model
Let M i denote the average indoor radon concentration in dwelling i over a specified time period, (t i
), measured in Bq/m 3 . Letting f i (t)40, the indoor radon concentration in dwelling i at time t, we have 
where s(t) is a periodic function with a period of 12 months reflecting the radon level in a typical dwelling at time t, and h i is a multiplicative factor reflecting the difference between the typical dwelling and dwelling i. Following Pinel et al. (1995) , it is assumed that the pattern of seasonal variation, represented by s(t), is common to all dwellings. Model (1) thus becomes
Taking natural logarithms, we have
For j ¼ 1, 2,y, 12, let m j denote the integrated radon concentration in month j, where j ¼ 1 denotes the month of January. If dwelling i is measured for six-months beginning in month j, we have
with the convention that m k þ 12 ¼ m k . As the observed quantities log M i follow a normal distribution, it is assumed that the quantities log h i are also normally distributed, and are mutually independent each with mean 0. The quantity m j may be interpreted as the geometric mean radon level in month j for the population of dwellings from which the sample was drawn.
Seasonal Correction Factors
Our objective is to first use the available data to estimate m j (j ¼ 1, 2,y, 12), and then to use these estimates to derive seasonal correction factors that can be used to predict average annual radon concentration on the basis of measurements spanning less than a full year. Whereas (3) implies multiplicative log-normal errors h i , estimation of the m j is based on values of log M i averaged over a number of dwellings in order to achieve additive normal errors.
The following 12 pairs of means and variances were calculated from the data:
and
(j ¼ 1, 2,y, 12), where iAT j if the middle day of the measurement period for dwelling i falls between the middle of month jÀ1 and the middle of month j, and N j is the number measurements included in the jth sum. (The middle of the measurement period was used to account for the slightly variable measurement periods in a symmetric manner.) Thus, the appropriate model for the x j is
whereh h j is the geometric mean of N j h i 's. Linear approximation of (8) yields the following model for
(j ¼ 1, 2,y, 12), with e j approximately normally distributed with zero mean and standard deviation
(cf. Pinel et al., 1995) . Writing (9) in matrix form, one obtains 
Since (13) is linear in the coefficients a r and b r , (11) can be written as
where y ¼ (b 0 , a 1 , b 1 ,y, a 5 , b 5 , b 6 ) T and F is a matrix comprised of sine and cosine terms. The matrix XF has five columns comprised of zeros, so that (14) allows least-squares estimation of the seven coefficients b 0 , a 1 , b 1 , a 3 , b 3 , a 5 , and b 5 . The remaining parameters {a 2 , b 2 },{a 4 , b 4 } and b 6 corresponding to cyclic trends of periodicity 6, 3, and 2 months, respectively, and are constrained to be zero. The corresponding estimatesm m j of the m j are then calculated aŝ
whereâ a r andb b r are the least-squares estimates of a r and b r respectively. Standard errors forâ a r and b r and thence form m j can be calculated from the estimated standard deviations fŝ s j g of the {d j }.
A simpler seasonal adjustment model is obtained by setting the coefficients for r ¼ 3 and r ¼ 5 to zero. This constrains the m j to follow a pure sine wave of period 12 of the form:
Modeling indoor radon seasonal variation Krewski et al.
If a dwelling is measured for tp12 months beginning on the first day of month j, the radon level predicted by the seasonal adjustment model is
In particular, a full 12 months of measurement results in a predicted radon concentration of
These results provide the basis for predicting 12 month average radon levels based on measurements for a period of to12 months. Specifically, it follows from (17) and (18) that
where the seasonal correction factor C j (t) is given by
The predicted annual average radon concentration is obtained by multiplying the concentration observed during the t months of monitoring by the seasonal correction factors C j (t) , corresponding to the month j during in which monitoring began.
Multiplicative Model
In addition to the seasonal adjustment model, we also considered a simple multiplicative model for predicting average annual radon concentrations. The multiplicative model is of the form
(i ¼ 1,y, 12; k ¼ 5,6,7), where i, k, and y i,12 denote the starting month, the measurement period, and the yearly observation, respectively. Hence, log y i;12
where
In this model, the independent variables are the y i,k (the observed radon concentration for k ¼ 5,6 or 7 months) and I L i;k (36 categorical variables), and the dependent variable is y i,12 (the observed annual average radon concentration). The idea behind the multiplicative model is that the 12-month average radon concentration can be predicted by simply multiplying the radon concentration observed over a period of less than 12 months, with the multiplier (depending on the starting month and the measurement period) empirically determined by log-linear regression.
Results
To simplify the presentation, detailed results of fitting the seasonal adjustment and multiplicative models are presented only for bedroom radon measurements. Results for the basement radon measurements are qualitatively similar. The summary data used to estimate the seasonal correction factors are presented in Table 1 . After estimating the regression coefficients y based on the transformed moments d j and s j of the original data using (14), the adjusted radon levelsm m j can then be calculated using (15). The seasonal correction factors C j (6) needed to predict the annual average radon concentrations based on measurements of less than 12 months duration can then be calculated using (20) . In the present application, the predicted annual average radon Table 1 for the month in which the 6-month monitoring period began. The number of 6-month bedroom radon measurements in sample 1 in period 1 ranged from a low of 40 starting in the month of April to a high of 213 starting in the month of August (Table 1a ). The adjusted radon levelsm m j based on the seasonal adjustment model are lowest in the month of August and highest in February. Under the constrained seasonal adjustment model, the adjusted radon levelsm m j are lowest in July and highest in January, with a seasonal pattern similar to that observed with the unconstrained seasonal adjustment model. Despite the seasonal variation in adjusted radon levels, the standard errors of these estimates are comparable throughout the year. The seasonal correction factors follow this same general pattern. The results for sample 2 in period 1 are qualitatively similar (Table 1b) . The seasonal pattern for the bedroom results for period 2 (Table 1c, sample 1; Table  1d , sample 2) are generally similar to those observed in period 1.
The estimated adjusted radon concentrationsm m j appear to be more stable than them m j , as reflected in their notably lower standard errors. The larger errors for the coefficientsm m j of the unconstrained model relative to the standard errors of the coefficientsm m j for the constrained model (which involves fewer coefficients than the unconstrained model) may be a reflection of the stronger model assumptions in the constrained model. Since the seasonal correction factorsĈ C ð6Þ j and C C ð6Þ j are comparable, the predicted average annual radon concentration will be based on theC C
j in what follows. The estimated regression coefficients in the multiplicative model are presented in Table 2 . The estimate of the power parameter b 0 varies across both periods and samples from 0.47 to 1.50. Estimates of the a parameters within each period appear to follow a similar pattern, with the estimates for the second sample being approximately equal to the estimates for the first sample multiplied by a constant (1.68 for the first period and 0.76 for the second period).
The observed and predicted annual average radon concentrations based on the seasonal adjustment factors C C To evaluate the accuracy of 12-month predictions in more quantitative terms, we calculated the percentage error in the predicted values with respect to the observed target value based on both the seasonal adjustment model (Figure 3 ) and the multiplicative model (Figure 4) . These results indicate that although annual average radon levels may be underestimated to a considerable extent when the actual level is low, many of the predicted values are within 710% of the annual average target value. However, the multiplicative model appears to lead to better prediction than the seasonal adjustment model.
As indicated in Table 3 , roughly 15-25% of the predicted values are within 10% of the target value, depending on the period of monitoring. Table 3 also indicates that 92-95% of the predicted values are within 100% of the observed values.
The concordance between observed and predicted radon average annual radon concentrations is given in Table 4 . Concordance of observed and predicted bedroom radon levels above and below 150 Bq/m 3 is in the range 85-90% for both the seasonal adjustment model and the multiplicative model, with the multiplicative model demonstrating slightly better agreement than the seasonal adjustment model. (Because of the positively skewed distribution of radon levels in Winnipeg, about 60% of the observations are below the mean value, and 40% above.)
The generalizability of the results from our seasonal adjustment model can be evaluated by comparing the model coeffiecients developed here for Winnipeg (Tables 1a-d) with those developed previously by Pinel et al. (1995) for southwest England (Table 1e) . The values of the seasonal correction factorsĈ C The generalizabiliy of the seasonal adjustment model was also evaluated by applying the seasonal adjustment coefficients for southwest England to the data from Winnipeg. Because of differences in the coefficient values for these two regions, the proportion of predictions falling within 10% of the actual value based on the coefficients for southwest England were less than the corresponding proportions based on the coefficients for Winnipeg in all cases considered in Table 3 . However, the concordance in predictions of values above and below 150 Bq/m 3 achieved using the coefficients for southwest England was similar to that based on the coefficients for Winnipeg (Table 4) .
Discussion
In this article, we have investigated the predictability of annual average residential radon concentrations based on observations taken over a six-month period. Because radon levels vary significantly with season, our first approach to predicting annual radon concentrations was based on the seasonal adjustment model developed by Pinel et al. (1995) . We also considered a simpler multiplicative model, in which the annual average level is effectively equivalent to the 6-month measurement.
The accuracy with which predictions of annual average residential radon concentrations could be made was evaluated based on exposure data derived from a case-control study of residential radon and lung cancer conducted in Winnipeg, Canada. This large-scale study involved over 7700 homes, with two consecutive 6-month radon measurements taken in each home using CR-39 a-track detectors.
Observed and predicted annual average radon concentrations based on either the seasonal adjustment or multiplicative model were in reasonable agreement. Roughly 15-30% of the predicted annual average radon concentrations were within 10% of the observed values, depending on the period of observation (first or second 6-month period), and the predictive model used (seasonal adjustment or multiplicative). In most cases, well over 90% of the predicted radon levels were within 100% of the observed values.
The concordance between observed and predicted values falling below or above 150 Bq/m 3 approached 90%. This high degree of concordance suggests that 6-month measurements can be reasonably used to determine if annual average radon concentrations are above or below the average level of 150 Bq/m 3 observed in the bedroom area of Winnipeg homes, a level approximately equivalent to the current radon exposure guideline recommended by the U.S. Environmental Protection Agency (Spiegel and Krewski, 2002) .
Although the present results suggest that annual average radon concentrations can be reasonably predicted on the basis of 6 months measurements, some caution is required in extrapolating predictions based on the models developed in this article based on our data from Winnipeg, Canada, to other locations. In particular, application of similar models developed using data from southwest England in Winnipeg led to predictions that were somewhat less accurate than our models for Winnipeg. Nonetheless, the concordance with respect discriminating between results above and below 150 Bq/m 3 with the southwest England and Winnipeg models was comparable. 
